Abstract This paper investigates motion coupling disturbance (the so called surplus torque) in the hardware-in-the-loop (HIL) experiments. The ''velocity synchronization scheme'' was proposed by Jiao for an electro-hydraulic load simulator (EHLS) in 2004. In some situations, however, the scheme is limited in the implementation for certain reasons, as is the case when the actuator's valve signal is not available or it is seriously polluted by noise. To solve these problems, a ''dual-loop scheme'' is developed for EHLS. The dual-loop scheme is a combination of a torque loop and a position synchronization loop. The role of the position synchronization loop is to decouple the motion disturbance caused by the actuator system. To verify the feasibility and effectiveness of the proposed scheme, extensive simulations are performed using AMESim. Then, the performance of the developed method is validated by experiments.
Introduction
Load simulator (LS) is a crucial device in hardware-in-theloop (HIL) experiments, and it is widely used in aerospace engineering. Its main function is to produce a load torque/ force acting on an actuator system, so that the control performance and reliability of the whole actuator system can be tested in a laboratory. The designer of the actuator system, by virtual of the LS, can foresee and detect potential problems related to the mechanics and flight control system. 1 According to its energy source type, the LS can be classified into three types: electro-hydraulic load simulator (EHLS), electric load simulator (ELS) and pneumatic load simulator (PLS). Compared with ELS and PLS, EHLS has some advantages, such as durability, high power to weight ratio and reliability. [2] [3] [4] In view of these, EHLS has found wide application in aircraft and missile industries, 5, 6 automotive industry, 7 robotics and the fault tolerant field. 8 Different from the familiar loading system, EHLS needs to track the torque/ force reference under an actuator's active motion disturbance. Because of the direct connection between the actuator and EHLS, the torque output of the EHLS is seriously influenced by the actuator's motion. Liu named the disturbance ''surplus torque/force''. 9 In broad terms, the performance of an LS is largely determined by the level of surplus torque suppression. How to eliminate the actuator's motion disturbance has been of great interest for both academia and industries. In this paper, these studies are divided into four types, i.e., (A) parameter optimization method, (B) feed-forward compensation method, (C) robust control method, and (D) velocity synchronization method.
The basic idea of the parameter optimization method is to reduce the intensity of an actuator's disturbance through the optimization of some parameters, such as the leakage coefficient of the loading system, 5, 10 the connecting stiffness between the actuator and the loading system, 11, 12 etc. The advantage of these methods is easy implementation, but it is always accompanied by some ''side effects''. The feed-forward compensation method is based on the linear theory, and the most usual feedforward signal is the actuator's velocity. 5, 13 For the robust control methods of LS, certain control algorithms with robust property are performed for it. So far the H 1 mixed sensitivity theory, 14 quantitative feedback technology (QFT) and disturbance observer technology 15, 16 have been investigated for EHLS. In addition, the neural networks 17 and self-tuning fuzzy PID 18 have been applied to EHLS. The velocity synchronization method employs a control scheme proposed by Jiao et al. in 2004. 19 For this method, the actuator's valve input is used and superimposed on the control output of the torque controller. This method has been applied in several HIL experiments successfully, and certain effectiveness is acquired. However, it has encountered some problems during the implementation in a number of situations (see Section 3).
This paper tries to solve the problem of actuator's motion disturbance by a simple engineering way. The main contribution of this work is that a dual loop control scheme is proposed for EHLS. The rest of the paper is organized as follows. Section 2 establishes the mathematical model of EHLS. Then, the surplus torque problem is analyzed based on the mathematical model. In Section 3, the problem encountered during the implementation of the velocity synchronization method in practice in analyzed. Section 4 presents the results of simulations and experiments. Finally, conclusions are drawn in Section 5.
Description of EHLS

System structure
In general, an HIL experiment is composed of two servo systems: the actuator system and the loading system. The schematic diagram and oil line principle are described by Fig. 1 . In the figure, J L is the rotary inertia of the loading shaft, G s is the stiffness of the torque sensor, y L and y R are the angular displacement of the loading and actuator system, P 1 and P 2 are the pressure inside each of the two chambers, x v is the spool displacement of the loading valve, P s and P 0 are the supply and return pressure.
In Fig. 1(a) , the left part represents the position actuator system which consists of a servo valve, a hydraulic swing motor and an angular encoder. The actuator angle is feedback into the actuator controller to achieve closed loop angle control. The right part is the loading system which is composed of a valve controlled hydraulic swing motor, a torque sensor, an angular encoder and an inertia disk to simulate the inertia of the control surface. The encoder in the EHLS has two functions. On the one hand, it is necessary for measuring the angle of the loading shaft so that the proposed method can be employed. On the other hand, in some hardware-in-the-loop experiments, the reference angle value for the control surface can be provided by this encoder. The motion of the actuator system will influence the torque tracking performance. In order to investigate how the actuator's active motion impacts the loading performance, a mathematical model of the EHLS is established.
Mathematical model of EHLS
First, the flow equilibrium equations of the servo valve and hydraulic swing motor of the EHLS are built. Before modeling, it is assumed that: (A) the servo valve is matched symmetrically with an ideal zero opening and zero lapping; (B) the spool of the valve radial-clearance leakage is negligible; (C) the supply source is stable and the return pressure is zero. Applying the law of flow continuity, the inflow and outflow of the loading motor can be expressed as:
where Q 1 and Q 2 are the supply and return flow rate, respectively; D L is the displacement of the loading motor, _ y L the angular velocity of the loading system; V 1 and V 2 are the control volume of each of the two chambers of the loading motor; b e is the effective bulk modulus, and C t the internal leakage coefficient.
Define the load flow and load pressure as
where Q L is the load flow rate of the loading system, and P L the differential pressure between P 1 and P 2 .
Notice that,
where V is the total control volume of the loading system. Combining Eqs. (1)- (7), the load flow continuity equation is given as
The control flow equation of the loading valve is given by
where C v is the discharge coefficient of the loading valve, x the area gradient of the loading valve, and q the oil density. The linear flow equation at null spool position is given by
where
is the null flow gain of the loading valve.
The torque equilibrium equation of the loading shaft is
where B L is the damping coefficient of the loading motor. The output torque
Combining Eqs. (8), (10)- (12), the mathematical model can be given by Laplace-transform where s is the Laplace operator and K t the total stiffness coefficient of EHLS (m 5 /(NÁs)).
The problem of surplus torque
Notice that the numerator of Eq. (13) 3. The dual-loop control method of EHLS 3.1. The structure of the velocity synchronization control scheme
The actuator velocity for a valve controlled hydraulic actuator is determined by the load flow which is regulated by the valve opening. Furthermore, the valve opening is controlled by the valve input. Therefore, a wealth of information about the actuator's velocity is included in the input of the actuator valve. This can also be interpreted from the perspective of the position model of the actuator system. Over the low frequency band, the transfer function from the valve spool displacement to the angular output can be regarded as an integral system. The actuator valve's input, as the input of the integral system, can be viewed as the actuator's velocity instruction in a sense. Based on this analysis, it is easy to understand the velocity synchronization control scheme, whose principle diagram is shown in Fig. 2 . As is shown in the figure, the input of the actuator valve is adjusted by a proportional coefficient K c , and added to the control output of the loading system.
The problem encountered
The precondition of implementing the velocity synchronization method is that a good quality synchronization signal must An experimental study of the dual-loop control of electro-hydraulic load simulator (EHLS)be available. That is to say, the actuator valve signal should be free of noise. However, this condition cannot always be met in practice. In some HIL experiments, there is no actuator valve's signal at all, as is the case when the loaded object is an electrometrical actuator (EHA). Even if the synchronization signal is available for the valve controlled hydraulic actuator system, the performance of the velocity synchronization scheme is limited by noise pollution. The following data came from a practical HIL loading experiment. As shown in Fig. 3(a) , the upper plot is the original actuator valve signal and the lower one is the contaminated signal, which is caused after implementing the ''dynamic pressure feedback strategy''. The so called ''dynamic pressure feedback strategy'' is to feedback the pressure differential to improve the control performance of the actuator system. In this situation, the torque output oscillates violently with the ''velocity synchronization scheme'', as shown in Fig. 3(b) . Obviously, the oscillation is caused by the ''synchronization signal''.
The dual-loop control strategy
For the loading system, there are two task to perform. The first is to move synchronously with the actuator system, and the second is to track the torque instruction. Based on the idea of function division, these two tasks can be decomposed and undertaken by two controllers. Therefore, a position synchronization loop controller and a torque loop controller can work for EHLS simultaneously. The role of the position synchronization controller is to decouple the actuator's motion disturbance, and the torque loop controller is responsible for tracking torque instruction. Based on this analysis, the structure diagram of the developed method can be shown in Fig. 4 . But, there is a potential conflict between the torque loop and position loop control. This problem is investigated from the perspective of the frequency characteristics of the two loops. Combining Eqs. (8) and (10), the principle diagram of the dual loop scheme can be illustrated as Fig. 5(a) , in which the transfer functions C tor (s) and C syn (s) represent the torque loop controller and synchronization loop controller, respectively. Fig. 5(a) can be transformed into Fig. 5(b) , in which G 0 (s) represents the integrated dynamics. Thus, the dynamic characteristics of the two loops can be given as follows
where F tor (s) and F syn (s) are the transfer functions of the torque loop and synchronization loop, respectively. Note that our goal is to track the torque instruction as accurately as possible. The position loop is just introduced to decouple the actuator' motion disturbance. As long as the dynamics of F tor (s) is faster than that of F syn (s), the priority of the torque tracking can be guaranteed. This is achieved by making a trade-off between the controller C tor (s) and C syn (s).
Simulation and experiment
Simulation results
To verify the feasibility of the proposed strategy, a simulation study is performed in this section. The EHLS model using AMESim is given in Fig. 6 , and the main parameters used in the simulation are shown in Table 1 . In the AMESim model, the left part stands for the loading system and the right part is the actuator system. In this section, six simulations are performed. Four are aimed at testing the ability against surplus torque, and two for verifying the dynamic loading performance. For the surplus torque simulation, the torque reference instruction of the loading system is zero while the actuator system is tracking sinusoidal reference instructions of 15°-1 Hz, 10°-2 Hz, 5°-5 Hz and 3°-10 Hz, respectively.
In Fig. 7 , the blue solid curves denote the surplus torque just resorts to the torque loop PI controller, and the red dotted curves represent the surplus torque based on the proposed method. Simulation results prove that the faster the actuator operates, the stronger is the surplus torque it produces. This confirms the analysis based on the mathematical model built in Section 2. As shown in Fig. 7(d) . In Fig. 7 , the robustness against disturbance is enhanced significantly based on the proposed method. The surplus torque is attenuated to 1.6, 2.9, 8.0, 18.6 NÁm from 70.5, 99, 126 and 160 NÁm, respectively. The residual surplus torque accounts for only 2.3%, 3%, 8% and 11.6% of the original value. Notice that with the acceleration of the motion frequency of the actuator system, the tracking performance deteriorates gradually. This can be interpreted as that the intensity of the surplus torque is also proportional to the angular acceleration of the actuator system. The proportion of surplus torque contributed by the angular acceleration grows as the frequency of the actuator system increases.
For the upper figure in Figs. 8 and 9 , the red dotted curves denote the load instruction and the blue solid curves represent the torque sample, respectively. Curves in the lower figure denote the torque error. As is shown, the loading system tracks sinusoidal signal 50 NÁm-3 Hz while the actuator system is operating with sinusoidal signal 2°-3 Hz. In Fig. 9 , the load system tracks sinusoidal signal 100 NÁm-3 Hz while the actuator system is operating with sinusoidal signal 1°-5 Hz. Simulation results show that the torque tracking performance based on the proposed method is improved by more than 70%.
Experiment verification 4.2.1. Experimental setup configuration
The EHLS consists of a hydraulic swing motor, a mechanical framework, a servo valve, a torque sensor, an angle encoder and a computer included PCI-bus multifunction card. A 16-bit A/D converter and a 16-bit D/A converter are used. The specific parameters and brands of the components of the test bed are listed in Table 2 . The photograph of the platform is shown in Fig. 10 (a) and its structure in Fig. 10(b) , in which 1 is the pump, 2 is the relief valve, 3 is the pressure reducing valve, 4 and 9 are the loading and actuator hydraulic swing motor, respectively, 5 and 8 are angular encoders, 6 and 7 are servo valves, 10 is an inertia disc to simulate the moment inertia of the control surface and 11 is a torque sensor. The simulation actuator system is used to generate motion disturbance, so that the real HIL work conditions can be reproduced. The flapper type servo-valves (D765) manufactured by MOOG company are used. The effective angle range of the hydraulic swing motor is ±55°. The angle position and torque feedback are obtained by the angle encoder and patch type torque sensor, respectively. The whole experimental setup consists of four parts: the oil source system, the mechanical bed, the load system and the simulation actuator system. In the oil source system, a variable displacement pump is used and driven by an AC motor so that the pump is capable of supplying pressured oil. The security pressure is restricted to 31 MPa by a relief valve. The pressure output can be set to any value between 0 and 21 MPa by regulating proportional pressure reducing valve 3.
Experiment results
The proposed dual loop method is also implemented on the hydraulic setup introduced above. With frequency from low to high, four experiments of motion disturbance suppression and two for dynamic loading are conducted. The ability to suppress surplus torque is shown in Fig. 11 . The performance of dynamic loading is given in Figs. 12 and 13 . For the experiments of surplus torque suppression, let the torque instruction be 0, and let the actuator track the sinusoidal position instruction 10°-1 Hz, 5°-5 Hz, 2°-8 Hz and 1°-10 Hz, respectively. First, the experiments are performed just using torque loop PI controller (P-0.68, I-4.5). Then, the same experiments are performed based on the proposed method with a synchronization loop PI controller (P = 0.5, I = 0.2). Finally, a random load spectrum experiment is performed using the dual loop method.
The surplus torque comparative results relate to PI control and dual-loop control are given in Fig. 11(a)-(d) . As shown, the blue dotted curves represent the surplus torque just using PI controller, and the red solid curves represent the surplus torque based on the dual loop method. The experiment data show that the surplus torque is reduced to 8 NÁm from 125 NÁm in Fig. 11(a) , to 20 NÁm from 360 NÁm in Fig. 11(b) , to 25 NÁm from 450 NÁm in Fig. 11 (c) and to 10 NÁm from 270 NÁm in Fig. 11(d) . Experiment results prove that the ability against actuator motion disturbance is improved by 93.6%, 94.4%, 94.5% and 96.3%, respectively.
To test the torque tracking performance with the actuator's motion disturbance, let the EHLS track 300 NÁm-1 Hz, and the actuator track 5°-1 Hz. Fig. 12(a) depicts the tracking results by just using torque PI controller, and Fig. 12(b) shows the experiment results with the dual loop method. Their torque tracking errors are compared in Fig. 12(c) . Fig. 13 gives the comparison results for torque reference 200 NÁm-0.5 Hz with the actuator's sinusoidal disturbance of 1°-3 Hz. As shown, the torque tracking errors are reduced to 44 NÁm from 130 NÁm, and to 25 NÁm from 110 NÁm, respectively. The experiment data illustrate that tracking performance is improved by 68.5% and 77.3%, respectively. The tracking performance of a random load spectrum is illustrated in Fig. 14 . In the upper figure, the red solid curve is the random load spectrum and the blue dot curve is the torque sample with the dual loop method. The corresponding angle position of the actuator system is shown in the lower plot. The excellent performance of tracking the random load spectrum further confirms the effectiveness of the proposed scheme.
Conclusions
This paper addresses the problem of noise pollution encountered in an HIL experiment when implementing the velocity synchronization control scheme. Instead of using the valve input signal of the actuator valve, a dual-loop scheme is proposed for EHLS to solve the motion coupling disturbance. Extensive comparative simulations and experiments prove that the ability to suppress surplus torque and the dynamic tracking performance of EHLS is improved significantly by the proposed method. Compared with the previous method, this approach needs neither the velocity signal nor the valve control signal of the actuator system. Moreover, the remarkable advantage of the method is its simple structure and ease of application in practice. Obviously, this control scheme can be applied not only to EHLS, but also to ELS and PLS.
